ABSTRACT The DNA sequence of the promoter-regulatory region ofthe ilvB operon ofEscherichia coli was determined. This region encodes a potential leader polypeptide containing 32 amino acids, 12 of which are the regulatory amino acids valine and leucine. Approximately 50 residues downstream from -the coding region for the potential leader peptide is a site for terminating transcription. In vitro transcription experiments show that transcription terminates at this site and produces a leader mRNA of '-188 nucleotides. A model for the multivalent regulation of this operon by valyl-and leucyl-tRNA is proposed on the basis of the mutually exclusive formation of five.strong stem-and-loop structures in the leader mRNA. In addition, the -35 and -70 regions of this sequence show close structural homologies to areas in cyclic AMP receptor protein (CRP)-dependent promoters reported to be important for CRP function. In vitro transcription from the ilvB promoter was greatly increased by cyclic AMP and CRP. Taken together, these data strongly suggest that the ilvB biosynthetic operon is negatively controlled by multivalent transcription termination and is positively regulated 'by cyclic AMP and CRP.
In Escherichia coli and other enteric bacteria, amino acid biosynthetic operons are regulated by their end products by two mechanisms. In the first ofthese, an operator-repressor system exerts negative control of the initiation of transcription (1) . The second mechanism involves regulation by attenuation, whereby termination of transcription is mediated by the translation of specific codons specified by leader-region m'RNA (2) . Individual operons appear to be controlled by either one or a combination of these systems. In addition to end-product regulation, many amino acid biosynthetic operons are positively controlled by the levels of guanosine 3',5'-bis(diphosphate) (ppGpp) (3) .
Regulation of expression of the ilvB operon in E. coli K-12 appears to be more complex than in other amino acid biosynthetic operons. This operon contains the structural gene for acetohydroxy acid synthase I, an enzyme required for the biosynthesis of valine and isoleucine. In addition to control by ppGpp (4) and by the end-products valine and leucine (5) , in vivo evidence suggests that the ilvB operon is also regulated by cyclic AMP (4, 6) . We have cloned the ilvB operon into a derivative of plasmid pBR322 (7) in order to delineate the molecular mechanisms that regulate this operon. In the present paper, we report the DNA sequence of the ilvB operon promoter-control region. This region encodes a potential leader peptide of32 amino acids, 12 ofwhich are leucine or valine. We conclude on the basis of in vitro transcription results and the possible secondary structure of the leader RNA that the ilvB operon is regulated by an attenuation mechanism similar to that previously described for a number of other amino acid biosynthetic operons (2) . In addition, in vitro transcription data and an analysis of the DNA sequence of the promoter region strongly suggest that this operon is also positively controlled by cyclic AMP and cyclic AMP receptor protein (CRP).
MATERIALS AND METHODS Sequence Methods. DNA fragments were isolated by restriction endonuclease digestion of plasmid pTCN12 followed by electrophoresis on polyacrylamide gels as described previously (7). The fragments were labeled at their 3' ends with the appropriate [a-32P]dNTP by using the Klenow enzyme (8) . The 32P-labeled fragments were cut-with a restriction endonuclease that yielded two singly end-labeled DNA fragments. DNA sequence was determined by the method of Maxam and Gilbert (9) , except that the adenine-plus-guanine reactions were done at 370C as described by Smith and Calvo (10) .
In Vitro Transcription. Conditions for in vitro transcription as.described by Lee and Yanofsky (11) were modified as follows.
The reaction mixture (total volume, 50 ,ul) contained 20 mM Tris acetate (pH 7.9), 100 mM KCl, 100 ,uM EDTA, 100 puM dithiothreitol, 12.5 gM UTP, 5 ,uCi (410 Ci/mmol; 1 Ci = 3.7 X 1010 becquerels) of [a-32P]UTP, 1 pug of RNA polymerase, 0.5 pmol of DNA, and 125 ,uM each of GTP, ATP, and CTP.
After incubation at 370C for 10 min, rifampicin (10 ,ug/ml) and Mg acetate (4 mM) were added. Reactions were incubated at 370C for 20 min. RNA was isolated (11), fractionated by electrophoresis on 0.4-mm-thick 8% acrylamide gels containing 7 M urea (12) RESULTS DNA Sequence. The 3.4-kilobase bacterial fragment in plasmid pTCN12 contains ilvB and the ilvB promoter-and regulatory regions (7) . A 445-base pair (bp) EcoRI-Taq I fragment generated from the 3.4-kilobase piece (Fig. 1 ) demonstrated RNA polymerase binding (unpublished data). Therefore, we determined the sequence of the EcoRI-Taq I fragment by the scheme shown in Fig. 1 . The sequence of 370 bases between the first Msp I site and those Just downstream of the Hae III site is shown in Fig. 2 . This sequence contains a number offeatures similar to those found in regulatory regions of amino acid operons controlled by attenuation (2) . Starting at nucleotide 36, there is a sequence of 99 nucleotides that begins with a methionine codon (ATG) and ends with an amber codon (TAG).
Abbreviations: CRP, cyclic AMP receptor protein; bp, base pair.
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The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. This sequence could code for a polypeptide of 32 amino acids, 12 ofwhich are. valine and leucine. At about 50 bp downstream from the amber codon is a region rich in T residues, which is preceded by a palindromic sequence composed mainly ofC and C residues. This area may comprise a region necessary for termination of transcription (13) . The DNA sequence in the nucleotide region from position -35. to position +1 contains sequences resembling those found in a number of prokaryote promoters (13) . The sequence T-G-T-G-C-C-T at positions -11 to -5 is similar to others shown to be necessary for initiation of transcription (13) . The decanucleotide T-T-T-C-C-A-T-T-G-T at positions -35 to -26 closely resembles a second region known to be important for RNA polymerase function (13) . An unusual aspect of the ilvB promoter region is the presence at nucleotides -72 to -57 of the sequence-C-G-T-G-N8-C-T-C-A. This sequence is very similar to that found in CRP-dependent operons and is thought to be needed for the binding of CRP (13, 14) .
In Vitro Transcription. To determine whether transcription originates and terminates in the regions described in the sequence analysis, the 445-bp EcoRI-Taq I fragment was transcribed in vitro. A major RNA species, estimated to be 188 nucleotides in length, was found when the EcoRI-Taq I fragment was used as template (Fig. 3, lane b) . The size of this transcript is consistent with the assumption that transcription of the ilvB operon begins at the A residue designated 1 in Fig. 2 and ends at the run of T residues 188 bases downstream. The 188-nucleotide RNA band appears as a triplet on the autoradiogram (a major band flanked by two minor bands). These may represent multiple stop sites as has been suggested for the his and trp leaders (16, 17) . This-same transcript is observed when plasmid pTCN12, which contains the entire ilvB operon (7) , is used as template (Fig. 3, lane a) . Cleavage of the EcoRI-Taq I fragment with restriction endonuclease Hinfl removes 37 bases upstream from the proposed transcription termination site in -_Q, the ilvB leader (Fig. 2 ). When this fragment was used as a template, a 151-nucleotide transcript was formed in place ofthe 188-nucleotide transcript (Fig. 3, lane d) . However, when the EcoRI-Taq I fragment was cleaved approximately 20 bp downstream from the putative termination site by Hae III, the 188-nucleotide RNA was transcribed (Fig. 3 , lane c). These results suggest that the 188-nucleotide transcript initiates at, or close to, the adenosine at position 1. Lee and Yanofsky (11) observed that when ITP replaced GTP, in. vitro readthrough of the trp leader was strongly increased. They suggested that the much weaker IFC base pairs decreased stability of the terminator to allow readthrough transcription. We used ITP in place of GTP and found that the 188-nucleotide RNA normally transcribed from the EcoRI-Taq I fragment was not made, but instead a new 265-base nucleotide RNA was transcribed (Fig. 3 , lane e). The size ofthis new RNA is consistent with a readthrough transcript that initiates at position 1 and extends, through the proposed termination site in the vicinity ofposition 188, to the end of the EcoRI-Taq I fragment. This interpretation is strengthened by the observation that ITP has no effect on the transcription products made with the EcoRI-Taq I fragment that was cleaved with Hinfl, a template lacking the proposed terminator region (Fig.  2) .
A number of in vivo experiments suggest that the ilvB operon is positively controlled by cyclic AMP and CRP (4, 6) . The sequence of the proposed ilvB promoter region in Fig. 2 shows regions that are similar to those found to be important for CRPbinding in other operons. In vitro transcription in the presence of CRP and cyclic AMP resulted in a marked stimulation, of the putative ilvB leader transcript (Fig. 4) . A similar stimulation was seen when transcription was done in the presence of 15% glycerol. This compound is known, to increase-in vitro transcription of operons-regulated by CRP (18) .
DISCUSSION
The sequence and in vitro transcription data in this work were obtained with DNA fragments derived from DNA shown by restriction enzyme analysis and in vivo experiments to contain the ilvB promoter and regulatory regions (7)-. The present results suggest that transcription ofthe ilvB operon initiates at the adenosine residues around position 1 and terminates at the run of thymine residues around position 188.
A further analysis of the nucleotides shown in Fig. 2 reveals a sequence starting at the ATG codon at position 36 and ending. at the TAG codon at position 134 that could code for a 32-amino acid polypeptide. This peptide is rich in valine and leucine, the amino acids involved in the multivalent control of the ilvB operon (5) . In addition, beginning at position 187, there is a region -45 Gly Asn Ala Pro Stop Fig. 3 , they appear to be incompletely-denatured leader transcripts. (15) . The position of the xylene cyanol marker is denoted by XC. The nature of the high molecular weight bands found in most of the lanes is not known. However, they may be incompletely denatured molecules because the intensity of these bands was strongly diminished when samples were heated in 98% formamide prior to gel loading (12) . RNA polymerase was stored in 10 mM Tris, pH 7.9/0.1 mM EDTA/0.1 mM dithiothreitol/50% glycerol. These-compounds should have little or no effect on the reaction because RNA polymerase was used at a 1: 50 dilution.
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-rich in T residues,' which is preceded by a G+C-rich region that contains extensive rotational symmetry. These features are similar to those found in other biosynthetic operons shown to be regulated by translational control of transcriptional termination (13) . In this process, regulation is dependent on the formation of mutually exclusive secondary structures in the mRNA produced from the leader region of the operon (2) . Transcriptional termination occurs when ribosomes translate the entire leader RNA so as to allow the formation of the terminator stem-andloop structure. Starvation'for the end-product amino acid(s) causes ribosome stalling at the codons in the leader RNA for these amino acids. This effect permits the formation of an alternative leader mRNA secondary structure that precludes terminator formation (2) .
We used a computer analysis (19) to search for possible regions of strong base complementarity within the proposed ilvB leader m'RNA. On the basis ofthese areas ofsecondary structure and on the order of their formation, we suggest a model to explain the regulation of the ilvB operon by transcriptional termination. This model is similar to that proposed for the regulation of the trp ' (20) , his (21), and leu (15) operons. The terminology used to describe the various stem-and-loop structures' in the ilvB leader is similar to that used by Keller and Calvo (22) . The model is.based on the following assumptions. (i) Those regions of leader mRNA that are transcribed first will form secondary structures, and these sequences will be unavailable for pairing with sequences transcribed subsequently.
(ii) Only one ribosome at a time translates the leader mRNA, and the position of the ribosome on the transcript affects the availability of sequences for base pairing. (iii) The ribosome masks from base pairing 15 bases 5'. and 9 bases 3' to the codon being read (23) .
'Five strong stem-and-loop structures that can be potentially formed by ilvB leader mRNA are shown in Fig. 5 have been suggested for attenuation control of the his operon (21, 22) .
The proposed secondary structure of ilvB leader mRNA in the absence ofribosomes is shown in Fig. 5a . Under these conditions, the protector defender would form, would preclude the preemptor defender, and would allow the formation ofthe protector. Protector formation in turn precludes the preemptor and allows the terminator to form, so as to result in termination. This same pattern of secondary structure would occur if a ribosome stalls at the initial codons prior to the tandem Leu codons at position 63, or during uncoupled in vitro transcription experiments. This model is consistent with the very strong termination of ilvB leader mRNA found during in vitro transcription (Fig. 3) . A shortage of leucyl-tRNA would result in ribosome stalling at the tandem Leu codons, and ribosome stalling would prevent the formation of the protector defender (Fig. 5d) . Thus, the preemptor defender and preemptor would form and preclude the terminator. This would result in transcription readthrough and increased expression of the ilvB operon. Increased expression also would occur during a limitation ofvalyl-tRNA (Fig. 5c) .
Stalling of the ribosome at the sixth through ninth Val codons would prevent the formation of the protector, allowing the preemptor to form, and so would preclude the terminator. The model predicts that ribosome stalling at the third, fourth, or fifth Val codon may result in partial relief of attenuation. In each of these cases, the ribosome would mask only part of the initial sequences ofthe protector and so would allow partial formation ofprotector (residues 119-131, -7.1 kcal) and preemptor (residues 166-182, -12.9 kcal). The stalling of a ribosome at the first two Val codons would not mask the protector, and would result in complete terminator formation and attenuation. Our model predicts that hindering of ribosome movement through most of the other codons in the ilvB leader would not prevent terminator formation and, therefore, would not affect ilvB regulation. However, a ribosome stalling at codons 12 (Pro), 23 (Arg), 29 (Gly), or 30 (Asn) would result in partial terminator formation and theoretically partial relief of attenuation. We have tested this possibility by starving auxotrophs for these amino acids and have found no increased expression of the ilvB product, acetohydroxy acid synthase I (unpublished data). Perhaps, as has been suggested for other systems (11, 26, 27) , ribosome stalling in response to starvation for most amino acids requires at least tandem codons.
It is surprising that two apparently regulatory codons (the initial two Val codons) do not appear to participate in regulation. This phenomenon has been noted in other leader sequences that contain many adjacent regulatory codons (20, 22, 27 ). An Proc. Natl. Acad. Sci. USA 79 (1982) analysis of the published alternative leader stem-and-loop structures proposed for all amino acid operons indicates that, except for trp, termination would result from a ribosome stalling at the initial 30-50% of the regulatory codons in these systems (our analysis). Many of these initial codons would still appear to be unable to participate in regulation even if the ribosome is able to mask more than the assumed nine nucleotides on the 3' side of the transcript. The physiological significance of these observations is unclear but suggests that additional elements that participate in attenuation are not accounted for by the present models (2, 20) .
An unusual feature of ilvB regulation is the involvement of cyclic AMP in control ofthis operon (4, 6) . The promoter regions of all of the known operons regulated by cyclic AMP and CRP appear to share two structural features (13, 14) . These are a 10-nucleotide consensus sequence T-T-N-A-C-A-C-T-T-T centered near position -35 and a variably positioned consensus sequence T-G-T-G-N8-C-A-C-A. None of the CRP-dependent promoters differ by more than three nucleotides from either consensus sequence (14) . The ilvB promoter region contains these same sequences. Starting at position -35 is the decanucleotide T-T-T-C-C-A-T-T-G-T, and beginning at position -72 is the sequence C-G-T-G-N8-C-T-C-A. These sequences differ by three nucleotides or less from the consensus. We have obtained direct evidence for CRP binding in this region by using the DNase I protection method (28) . We find that cyclic AMP and CRP protects an area of -26 nucleotides positioned around the -70 region in the ilvB promoter (unpublished data). In addition, the present study shows that in vitro transcription from the ilvB promoter is strongly increased by an addition of cyclic AMP and CRP or by glycerol. These data, taken together with our previous results (4, 6) , demonstrate that ilvB is regulated by cyclic AMP.
Thus, we report here an operon that is controlled by attenuation and by cyclic AMP. There does not appear to be any major differences between the ilvB leader region and those reported for other amino acid biosynthetic operons. The predicted structures for ilvB leader mRNA are very similar to those structures suggested for other leader mRNAs, and their formation permits a similar mechanism ofattenuation control. In addition, the sequence of the ilvB leader and those of the other six amino acid leader regions contain a number of striking similarities. All ofthese regions, except the phe leader, have a Thr or Lys codon located one or two codons before the regulatory codons, and only the trp leader lacks an Asn or Pro codon located one or two codons after the regulatory codons. The leu, ilvGEDA, and ilvB leaders have a single Ala or Gly codon and a tandem pair of the same amino acid codons situated before and after a set of regulatory codons. Furthermore, the tandem Leu regulatory codons in the ilvB leader are CTA. This is the same codon found in three of the four leu operon regulatory codons (15) and in one of the two tandem Leu codons in the ilvGEDA leader (26, 27) . In addition, the nine Val codons in the ilvB leader and the five Val codons in the ilvGEDA leader are either GTG or GTC. It is of interest that these Leu and Val regulatory codons appear to be those used most infrequently for E. coli proteins (29) .
The exact location of the ilvB structural gene in relation to the promoter-regulatory region that we have described is not known. There is a possible ribosome-binding site beginning at position 227, approximately 35 bp downstream from the leader termination site. This ribosome-binding site is followed by an AUG codon, which may be the start of the coding region for the ilvB structural gene. However, we have analyzed the protein products of plasmids containing the ilvB operon by the maxicell technique described by Sancar et al. (30) . In addition to a 60,000-dalton protein, presumed to be acetohydroxy acid synthase I (31), these plasmids produce a protein of approximately 9,000 daltons (unpublished data). Therefore, it is possible that the ilvB operon is multicistronic. In this regard, it has been found that a small molecular weight protein copurifies with acetohydroxy acid synthase I (P. Silverman and L. Eoyang, personal communication).
